We calculate the linear and nonlinear optical response of GaN and AlN in the wurtzite structure. The dielectric function ⑀(), the second harmonic generation susceptibility (2) (Ϫ2;,), and the linear electro-optic susceptibility (2) (Ϫ;,0) are all evaluated over a broad frequency range. These results are based on a first principles electronic structure calculation using the full-potential linearized augmented planewave method within the local density approximation. Corrections to the underestimation of the band gaps are included at the level of the scissors approximation, which is carefully incorporated within our susceptibility formalism. All independent components for the response functions are calculated; the results for GaN and AlN are very different, and those of AlN are in strong disagreement with predictions of the bond charge model. Results for all response functions at zero frequency are underestimated with respect to the available experimental values. A comparison of the calculated response functions for nonzero frequencies is made with the limited experimental data. We confirm both analytically and numerically that the calculated second-order susceptibilities obey various symmetry constraints below the band gap. ͓S0163-1829͑97͒04019-8͔
I. INTRODUCTION
GaN and AlN are considered promising materials for various technological applications. The wide band gaps for these materials makes them candidates for use in the nearultraviolet and ultraviolet regions. It has been suggested that GaN and AlN could be employed in nonlinear waveguides, short wavelength electroluminescent devices, and in high temperature diodes and transistors; [1] [2] [3] [4] AlN has also been suggested as a frequency doubler for Ga x Al 1Ϫx As laser diodes. 5, 6 The high thermal conductivity and low compressibility of these materials are attractive mechanical properties for a range of device applications. 7 There have been several experimental studies of the electronic and structural properties of these materials, as well as a number of investigations of the linear and nonlinear optical response. 1, [4] [5] [6] [8] [9] [10] [11] Theoretical efforts, however, have been primarily concerned with ground state properties. 2, [12] [13] [14] [15] [16] While there has been some work on linear optical response, 3, 17, 18 the only full band structure calculation of nonlinear response has been restricted to zero frequency. 19 In this context, it would be useful to have a comprehensive analysis of the optical properties of GaN and AlN, as determined from first principles, over a broad range of frequencies.
We have recently presented results on the linear and nonlinear optical properties of zinc-blende GaAs and GaP. 20 The goal of this work is to apply the analytic expressions and computational method employed there to the wurtzite materials GaN and AlN. Our evaluation of optical response is based on a first principles calculation of the electronic structure using the full-potential linearized augmented planewave ͑FLAPW͒ method. 21, 22 We address the underestimation of the band gap by including self-energy corrections at the level of the scissors approximation. 20, 23 This correction rigidly shifts the conduction states upward in energy and produces a corresponding change in the velocity matrix elements; the scissors correction is incorporated in a simple and straightforward way within our susceptibility formalism. The analytic expressions for the optical response functions are derived from the formalism of Sipe and Ghahramani 24 and Aversa and Sipe. 25 These expressions have the advantage of being inherently free of any unphysical divergences at zero frequency. Thus, we believe this constitutes a good initial approach to the ab initio determination of optical properties across a broad frequency range.
The calculational method and relevant susceptibility equations are briefly presented in Sec. II. In Sec. III we discuss and present the results of our first principles calculation. The band structures for these materials, as well as the linear and second-order optical response, are given in this section. We also identify the symmetries that the second-order response function satisfy, both analytically and numerically. Finally, in Sec. IV we present our conclusions.
II. CALCULATIONAL METHOD
In a previous paper 20 we detailed our method for calculating optical response in semiconductors. There we discussed the susceptibility notation and definitions, scissors approximation, electronic structure method, and the techniques employed in the Brillouin zone ͑BZ͒ integrations necessary for calculating the response functions. In the present work, our emphasis is on the results for the optical properties of GaN and AlN; we use the notation and definitions established in earlier work. 20 We seek the optical response above and below the band gap for these materials. For linear response, we evaluate the imaginary part of the dielectric function, ⑀ 2 (), and then employ the Kramers-Kronig relations to obtain the real part of this function. Similarly, we have chosen to evaluate the imaginary part of the second harmonic generation ͑SHG͒ susceptibility, Im͕ abc (Ϫ2;,)͖, and again obtain the real part using the Kramers-Kronig relations. This allows for the determination of the absolute value of this susceptibility over an energy spectrum above and below the band gap. We restrict our evaluation of the linear electro-optic ͑LEO͒ susceptibility to the region strictly below the band gap. As this function is purely real in this region, we calculate it directly. The LEO susceptibility we consider here is in the clamped-lattice approximation.
In the calculation of the susceptibilities it is convenient to reduce the integration over the BZ to one over the irreducible segment of the BZ ͑IBZ͒. This is accomplished by applying the operators P R of the group elements R of the hexagonal symmetry group 6mm, appropriate for GaN and AlN, to the expansion dyadics of the response tensor. In the case of linear response, the dielectric tensor is given by
and after applying the operators P R we obtain
where 1 I is the identity tensor. Thus only the diagonal elements survive; contrary to what one obtains for materials with the cubic structure, all of these components are not equal. We can identify two independent components for the linear susceptibility, ⑀ xx ϭ⑀ yy , and ⑀ zz . For second-order optical response we proceed in the same way. We can write the LEO susceptibility as J͑Ϫ;,0͒ϭ ͚ abc â b ĉ abc ͑Ϫ;,0͒, ͑3͒
and applying the operators P R we find
We can identify four independent components for this second-order tensor, which we take to be zzz , xxz , xzx , and zxx . The same result follows for the SHG susceptibility with one exception: The SHG tensor possesses intrinsic permutation symmetry, or a symmetry in the permutation of the last two indices. This reduces the number of independent components to three, which for this tensor we take to be zzz , xzx , and zxx . To calculate the optical response functions it is necessary to perform an integration over the IBZ. Our approach towards this integration is to use a hybrid sampling-tetrahedron method. The essence of this method is to partition the IBZ into a large number of tetrahedra, at the vertices of which we calculate the eigenvalues and velocity matrix elements using the FLAPW method. We then sample a large number of points within each of these tetrahedra, linearizing quantities that appear in the integrand based on this vertex information. This approach is computationally efficient and provides an accurate integration over the entire IBZ; consequently, accuracy is maintained for energies above and below the band gap.
For the calculation of GaN and AlN we have partitioned the IBZ into 5184 tetrahedra, requiring a determination of the eigenvalues and velocity matrix elements at 1365 k points. In the case of GaN, we have further partitioned the region immediately near the ⌫ point into 3993 tetrahedra. This demands a further calculation of the eigenvalues and velocity matrix elements at an additional 1092 k points in this region. This is done for GaN only, as we present results on the anisotropy of the linear optical response function in the proximity of the band edge. To be confident in the accuracy of the calculation in this narrow energy region, the finer mesh of k points near the ⌫ point is required.
III. RESULTS AND DISCUSSION

A. Band structures
In Fig. 1 we present the band structures for GaN and AlN. In both cases the band gaps have been adjusted, via the scissors shift, to coincide with the experimental values. These band structures are in good agreement with other theoretical results based on various electronic structure methods within the local density approximation ͑LDA͒. 2, 3, 14, 17 Agreement is somewhat less striking in a comparison of the eigenvalues at symmetry points from our band structure with existing quasiparticle calculations; 2 differences tend to be smaller than 0.4 eV for bands in proximity to the gap, and larger for bands further from the gap. We note that for these calculations, and all those discussed below, we have used the experimental values for the lattice constants; 26 for the crystal coordinate system, we have used the convention of Kobayashi and co-workers. 13 In the all-electron calculation employed in this work, the 3d states in Ga have been explicitly included as valence states. These states encroach on the lowest valence states, as can be seen in the band structure between Ϫ10 and Ϫ15 eV. The inclusion of these states as part of the fully relaxed valence states in the calculation effects the appearance of these states in the band structure itself, and also affects the shape and position of the upper valence and lower conduction states. On this basis, we believe it is important to include these states in a full band structure calculation of the optical properties of GaN.
B. Linear optical response
The results for linear optical response are presented in Fig. 2 and Fig. 3 , again for GaN and AlN. In both figures we give our results for the two independent components of the imaginary part of the dielectric function, ⑀ 2 xx () and ⑀ 2 zz (). The corresponding components of the two materials exhibit a general similarity, although the relative magnitudes of the peaks in the spectra of GaN differ significantly from those of AlN.
The general similarity of the ⑀ 2 () of these materials reflects the underlying similarity in the shapes of their band structures; the structural features in the ⑀ 2 () spectra are associated with regions in the band structure for which pairs of bands are nearly parallel and the joint density of states is high. In the column IV semiconductors and the III-V cubic semiconductors, it is usually possible to identify each peak with a parallel joint density of states in a specific band structure region. In contrast, for GaN and AlN we have only managed to construct a preliminary assignment of the different peaks. Similar efforts have previously been presented by other researchers.
3,27
We begin with GaN. The first peak in both ⑀ 2 xx ͑at 7.2 eV͒ and ⑀ 2 zz ͑at 7.3 eV͒ is clearly due to the region between ⌫ and M in the Brillouin zone. The next two peaks in ⑀ 2 xx , one at 8.1 eV and one at 9.5 eV, arise, respectively, from contributions from A to L and L to M , and from contributions from ⌫ to M and from A to H. In the place of these two peaks there is only one in ⑀ 2 zz ͑at 9.5 eV͒, and it seems to arise from different regions in the Brillouin zone: Its main contributions come from the regions from H to K and from K to ⌫. The next peak in each component ͑at 10.6 eV for ⑀ 2 xx and at 10.8 eV for ⑀ 2 zz ) arises from contributions from ⌫ to A, from A to H, and from A to L; although obviously not well localized in the Brillouin zone, at least here there appears to be common sources for the strength in ⑀ 2 xx and ⑀ 2 zz . The sources of the remaining higher energy peaks are difficult to identify.
In AlN, where there are more peaks in each spectrum than in GaN, the identification of their origins is less clear. Here even the first peaks in the two components -at 8.7 eV in ⑀ 2 xx and at 8.5 eV in ⑀ 2 zz -appear to have somewhat different origins. While the lowest energy peak in ⑀ 2 zz arises from both the region from ⌫ to M that leads to the first peaks in the GaN spectra, and the region L to M , the lowest energy peak in ⑀ 2 xx gains strength as well from the regions from ⌫ to A and A to L. The next four peaks in ⑀ 2 xx ͑at 9.0 eV, coming from ⌫ to K; at 9.6 eV, coming from ⌫ to A, from A to H, and from L to A; at 9.8 eV coming from ⌫ to M ; at 11.2 eV, the source of which we cannot identify͒ have only one counterpart in ⑀ 2 zz , at 9.3 eV, with origins in the regions from ⌫ to K, from H to K, and from ⌫ to M . The two components both display a peak at 12.2 eV; in ⑀ 2 zz this has its origins in the regions from ⌫ to A and from A to H, while in ⑀ 2 xx there is as well a contribution from the region from L to H. We have not been able to identify well-defined regions in the Brillouin zone responsible for the other peaks.
Compared to the column IV elemental semiconductors and the III-V cubic semiconductors, the structure in ⑀ 2 () in GaN and AlN is considerably more complicated. This appears to arise in the large part because of the lower symmetry of the wurtzite structure, leading to a more complicated joint density of states than in the cubic materials and a resulting difficulty in assigning peaks to different regions in the Brillouin zone. Support for this comes from our calculation of the II-VI compound semiconductors, many of which can occur in both cubic and wurtzite form. Comparing ⑀ 2 () for the two structural forms of the same compound, we consistently find a more complicated spectrum for the wurtzite structure. 28 Despite the complicated spectrum of ⑀ 2 () for GaN and AlN, our results are in good agreement with those of Christensen and Gorczyca 3 throughout the energy spectrum. Their calculation was based on the linear muffin-tin orbital ͑LMTO͒ method within the atomic-sphere approximation ͑ASA͒. Although, as they point out, their results are sensitive to the use of the ASA, we found a strong similarity between our results and theirs in the structure of the linear response function as well as in its value at zero frequency. These later results will be subsequently discussed. Solanki et al. 18 have also calculated the dielectric function for AlN using the LMTO-ASA method. These results show marked differences from our own. Their work illustrates the sensitivity of the linear response function to the application of the LMTO-ASA approach as well as the number of k points used in the calculation. Our results differ substantially both qualitatively and quantitatively from those of Xu and Ching:
17 Our structure of ⑀ 2 () for both GaN and AlN is in disagreement with theirs in respect to both peak positions and relative peak magnitudes. In addition, they found anomalously large values for ⑀ 2 () for GaN for energies in excess of 20 eV. We found no such increase in the linear response in this region.
The only experimental data for ⑀ 2 () of which we are aware is the spectroscopic ellipsometry measurements for GaN of Petalas et al. 4 This data does not exhibit the degree of structure that is present in our calculation, but does show general agreement in peak positions.
As there is interest in near band edge optical response, we present in Fig. 4 the GaN results for ⑀ 2 () in the region near the function onset. Both independent components are plotted so as to elucidate the anisotropy of the function in this region. Our calculation indicates a difference in ⑀ 2 () for the two components of about 0.02 for energies within 0.05 eV of the band gap, increasing to a maximum difference of 0.2 up to about 7 eV; the magnitude of the difference varies quite strongly with energy throughout this range. It should be noted that our calculation does not take into account excitonic effects which are known to affect the shape of the linear response function near the band edge.
C. Second-order optical response
We present our results for the imaginary part of the SHG susceptibility in Fig. 5 for GaN and AlN. We have plotted the three independent components of this function for each material. A striking feature of the results, particularly in comparison with those for the zinc-blende semiconductors, 20 is how structured the frequency dependence is for all components of both materials. As in ⑀ 2 (), this appears to be due in large part to the lower wurtzite symmetry of these compounds. It is difficult to interpret the structure in (2) in terms of the band structure of the material -especially for the wurtzite structure -because one must consider both one-and two-photon resonances in various regions of the band structure, and the interference between these processes. An initial attempt is made at this below; it is clear, however, that there is virtually no similarity between the results for these two compounds. Particularly considering the similarities in the linear optical response of these two materials, this highlights the greater sensitivity of the second-order response function to details of the band structure and momentum matrix elements of the material.
The imaginary part of the SHG susceptibility for GaN is initially very flat for all components in a region of approximately 1 eV near the half band gap. Beyond this region the structure of the response function, as well as the differences between individual components, becomes dramatically more pronounced. Our results show a strong similarity between the xzx and zxx components over the entire energy spectrum. To a large degree, peak position and magnitude is approximately the same for both components. The zzz component exhibits a similar general structure, but is opposite in sign and larger in magnitude than the other two components. We will address this relationship between the magnitudes of the components in a subsequent discussion of the predictions of the bond charge approach.
The spectrum of the imaginary part of the SHG susceptibility for AlN bears little resemblance to that of GaN. There appears to be no definite relationship between the independent components for this function. However, in general, the zzz component is usually the largest of the three components throughout the energy spectrum.
Turning now to the details of the peaks, for GaN we first consider the zzz component. The broad peak between 3.7 and 4.6 eV seems to be attributable to a two photon resonance associated with the first peak in the ⑀ 2 xx spectrum, but with an increasing contribution, at an increasing energy, from a two photon resonance associated with the second peak in the ⑀ 2 zz spectrum. The peaks at 6.2 and 6.7 eV are most likely due to two photon resonances associated with the fifth and sixth peaks in the ⑀ 2 zz spectrum. For the zxx component, the first main peak at 4.7 eV is due to a two photon resonance associated with the second peak in the ⑀ 2 zz response function. The peak at 5.7 eV is most likely from two photon resonances associated with the fifth peak in ⑀ 2 xx and the fourth peak in ⑀ 2 zz . Finally, the small peak at 7.2 eV is attributable to one photon resonances associated with the first peaks in both ⑀ 2 xx and ⑀ 2 zz . The xzx component is the most difficult to interpret in terms of the band structure. We can only loosely identify the peak at 4.8 eV with a two photon resonance associated with the third peak in ⑀ 2 xx , and the peak at 6.7 eV with a two photon resonance associated with the sixth peak in the ⑀ 2 zz . For AlN, the zzz component has two peaks for which somewhat definitive statements can be made. The first is the peak at 4.3 eV, which is due to two photon resonances associated with the first peaks in both ⑀ 2 xx and ⑀ 2 zz . The peak at 5.9 eV is probably due to a two photon resonance associated with the fourth peak in ⑀ 2 zz . We note, however, that we were unable to specify a band structure region contributing to this peak. For the zxx component the peak at 4.7 eV is due to a two photon resonance associated with the second peak in ⑀ 2 zz . The peak at 5.9 eV again seems associated with the fourth peak in ⑀ 2 zz , as for the zzz component. Again, the contributions to the xzx component are very hard to determine. We can only suggest that the peak at 4.3 eV is from two photon transitions associated with the first peak in both ⑀ 2 xx and ⑀ 2 zz . In Fig. 6 we plot the absolute value of the SHG susceptibility for both materials. Features of these results which merit noting are as follows: The zzz component dominates in both spectra for virtually all energies. In GaN all three components are of comparable size for energies below the half band gap, whereas in AlN the xzx and zxx components are substantially smaller than the zzz component. GaN exhibits significantly more structure for energies around the half band gap than does AlN.
The results presented in this paper are, to our knowledge, the first for the SHG susceptibility beyond zero frequency. There are, however, experimental results with which we can compare. Considerable work has been done by Miragliotta et al. on the nonlinear optical response of GaN. Results for zxx (Ϫ2;,) have been presented for energies around the half band gap. 11 We have plotted in Fig. 7 these experimental results along with our calculated results for the absolute value of zxx (Ϫ2;,). This data roughly exhibits the same structure as our theoretical calculation in that this function decreases towards the half band gap and then increases from there for higher energies. But the magnitude of the experimental data is approximately twice that of our calculated values. For AlN the experimental data is somewhat less complete. Over a range of energies, the only data of which we are aware is that of Lundquist et al. 5, 6 on radiofrequency sputter deposited AlN thin films. The experimental results exhibit a remarkably similar dispersion to our theoretical predictions, but are about 40% smaller in magnitude. It has been suggested by this experimental group that the value of the measured SHG susceptibility can be expected to increase with improved crystallinity of the AlN film; it is not clear how much larger this response function might become.
The value of the SHG susceptibility at zero frequency was the focus of the only other full band structure work on the nonlinear optical properties of GaN and AlN. 19 For this reason, and the fact that some low frequency experimental data has been presented in the literature, it is important that we place our work within this context. In Table I we present our results for the dielectric function, and the SHG susceptibility at zero frequency for GaN and AlN. We have also included the values from other theoretical calculations and experiments. We have only included two components for the SHG response function, as the xzx and zxx components are identical in the limit that the frequency approaches zero.
The results of the current calculation for the linear optical response at zero frequency are very close to those of the LMTO-ASA work of Christensen and Gorczyca 3 as well as the pseudopotential calculation of Chen et al. 29 ͑where they have included the scissors approximation͒. There is some disagreement regarding the anisotropy of the dielectric function at zero frequency, although this anisotropy is not calculated to be large for either material. Our results as well as the other two calculations predict values for ⑀ 2 (0) smaller than the available experimental results. This result is striking in that our previous calculation for GaAs and GaP obtained values for the zero frequency linear response that were excellent in comparison with experiment. This may point to a limitation in the scissors approximation or, in the case of the LMTO method, to the use of ''corrective'' terms to adjust the LDA band gaps. It has been suggested that for wide band gap materials the scissors approach may be inadequate for correctly predicting zero frequency response. 30 The pseudopotential calculation of Chen et al., 19 which does not employ the scissors correction, suffers from the usual LDA band gap problem in that the band gap is underestimated. This naturally leads to higher values for the dielectric function at zero frequency. The only wildly anomalous results are those of Xu and Ching 17 using the orthogonalized linear combination of atomic orbitals ͑OLCAO͒ method. Their values are exceedingly large for GaN, and predict a strong anisotropy. For AlN, the ⑀ 2 xx (0) value is close to other calculations, but again a large anisotropy is predicted leading to a large value for ⑀ 2 zz (0). For the SHG susceptibility at zero frequency the theoretical and experimental data is more scarce. We find that our results are very close to those of Chen et al. 29 when they have incorporated the scissors correction. Again, their results without the scissors correction will be higher due to an underestimation of the band gap. The theoretical calculations predict values for the SHG susceptibility lower than those measured experimentally for both GaN and AlN. The experimental data for GaN is opposite in sign to the calculated values, but as Chen et al. 19 point out, the overall sign was not experimentally determined relative to the atomic coordinates.
One of the values of full band structure calculations such as ours is that they provide a check on simpler models for optical response that are often employed in the absence of more detailed calculations. For example, the usual bond charge model for (2) ͑Ref. 31͒ predicts that the zzz component should be twice as large as the xzx component, but of opposite sign. It is based on the assumptions of perfect tetrahedral bonding and an optical response consisting of independent electrons moving only along the direction of their bonds. Our present work finds that the bond charge prediction for zzz / xzx holds only approximately for GaN; indeed, the bond charge prediction holds to a good approximation not only at zero frequency, where the bond charge model is usually applied, but as well for the ratio of the components of Im͕ (2) (Ϫ2;,)͖ throughout a large energy range, as can be seen in Fig. 5 . Yet the bond charge prediction fails completely for AlN. This result has already been found by Chen et al., 19 and is thus independently confirmed here. The simplest possible reason for the difference between the two materials is that the lattice structure of AlN implies a TABLE I. The dielectric function and the SHG susceptibility at zero frequency. Results of the present calculation ͑FLAPW͒ are compared with other theoretical calculations and experimental data. The experimental data for SHG is extrapolated to zero frequency following Chen et al. ͑Ref. 19͒ . The values for (2) bonding structure much further than that of GaN from the perfect tetrahedral bonding usually assumed. This, however, is clearly not the whole story: Relaxing only the assumption of perfect tetrahedral bonding and using the actual lattice parameters of GaN and AlN, the so-revised bond charge model would predict a zzz / xzx ratio of Ϫ2.053 for GaN, and a ratio of Ϫ2.208 for AlN. Clearly the correction for GaN is small and that for AlN is substantial; yet the disagreement of our results for AlN with even this revised bond charge model is poor. Obviously other assumptions of the bond charge model are in error. The results of Xu and Ching 17 for the ground state charge density contours indicated bonding of considerably more covalent character in GaN than in AlN; our results for density contours confirm this. While what is really of essence is the nature of the charge density response to applied fields, the nature of the ground states at least suggests that the model of directional bonds is, in general, more appropriate for GaN than AlN. This is clearly a qualitative issue worthy of more study.
We present our results for the clamped-lattice LEO coefficient in Fig. 8 for both materials. We have evaluated this function strictly below the band gap. To our knowledge these are the first ab initio calculations of the LEO susceptibility for these materials. We have plotted the four independent components of this response function, but note that for energies below the gap the xzx and zxx components are identical. This response function gradually increases in magnitude as the energy moves towards the band gap, where it experiences a resonance enhancement. For both materials the zzz component is the largest. In GaN the other components are approximately half as large and opposite in sign. In the case of AlN the remaining components are very small in relation to the zzz component. These results are not surprising given the data we have presented for the SHG susceptibility.
We are aware of only one experimental determination of the LEO coefficient for these materials. Long et al. 32 have measured this coefficient for GaN at 1.96 eV and obtained zzz ϭ30Ϯ5.5 pm/V and xzx ϭ9Ϯ1.7 pm/V. They have not determined the absolute sign of this response function. Our calculated results at this energy for comparison are zzz ϭ7 pm/V and xzx ϭ6 pm/V. This comparison is however not strict; we calculated the LEO susceptibility in the clampedlattice approximation while the experimental data is for the total LEO effect.
D. Symmetries of "2…
The nonlinear optical susceptibilities are required to satisfy certain symmetry considerations and constraints. 33 It is the goal of this section to state some of these conditions and demonstrate how our calculation satisfies them.
We first consider intrinsic permutation symmetry in the case of the SHG response function. As has been previously presented, 20 our susceptibility expression is written so as to explicitly satisfy this symmetry constraint. We have already discussed this in Sec. II regarding the reduction of the independent components for the SHG function from four to three, but for completeness mention it here.
For energies at which there is no absorption ͑below the band gap͒, full permutation symmetry holds. In terms of the LEO susceptibility this demands that zxx ͑Ϫ;,0͒ϭ xzx ͑Ϫ;,0͒. ͑5͒
As indicated in Fig. 8 independent components for the LEO susceptibility are equal in the limit of zero frequency. This symmetry constraint can also be shown to hold in Fig. 6 for the SHG susceptibility. In this case two of the three independent components are numerically identical in the zero frequency limit; the expressions can also be shown to be equivalent analytically.
Finally, a condition that one would expect on physical grounds is that as the frequency approaches zero, the secondorder response functions become equal. This can be written as lim →0 abc ͑Ϫ2;,͒ϭ lim →0 abc ͑Ϫ;,0͒. ͑7͒
We have discussed and numerically demonstrated this condition in a previous paper in the case of GaAs and GaP. Here we can illustrate how this condition holds for GaN and AlN in the wurtzite structure by plotting the SHG and LEO susceptibilities on the same graph. In Fig. 9 we have plotted the zzz component for each material. This figure clearly shows how both of these susceptibilities are equal for vanishing frequency; again, analytic equivalence can be demonstrated.
The above susceptibility constraints should hold in any calculational approach, and they provide a solid check of not only our formalism but of our numerical method. We plot in Fig. 10 the three independent components of this function for GaN and AlN, respectively. Our results indicate that the assumption of frequency independence of this function largely holds over a broad frequency range. We note, however, that there are obvious deviations from Miller's assumption of material independence for the value of a given ⌬ M function. The values for ⌬ M zzz differ by about 30% over much of the frequency range. The other independent components are very different for different materials. This later result we might expect given that the ratios of the magnitudes of independent components differ dramatically for GaN and AlN as has already been discussed. For comparison we note that the zero frequency values of ⌬ M xyz that we previously obtained for GaAs and GaP are 194 and 198 pm/V, 20 respectively. Levine 35 has also calculated ⌬ M xyz for GaAs and GaP and has obtained 347 and 310 pm/V, respectively.
IV. CONCLUSIONS
We have presented results for the optical response of wurtzite GaN and AlN for a broad range of energies. This work has employed a first principles electronic structure calculation in the FLAPW method, and a completely nondivergent formalism for the optical susceptibilities. The scissors approximation has been incorporated in our calculation in an attempt to correct for the underestimated LDA band gaps.
Our results for linear optical response show striking similarities to those of Christensen and Gorczyca. 3 We are, however, in strong disagreement with other theoretical calculations. Our zero frequency results, in line with those of other workers, underestimate the experimental values. We predict a very small anisotropy at zero frequency as well as a relatively small anisotropy in ⑀ 2 () for GaN for energies within 3 eV of the band gap.
Our work on second-order optical response constitutes the first comprehensive calculation and analysis for GaN and AlN over a broad energy range. We have calculated all independent components for the SHG and LEO susceptibilities and our results indicate strong dissimilarities between the materials considered in this work. The calculated spectrum of the SHG susceptibility for both materials is extremely rich in structure with the general feature of a dominant zzz component. For energies below the gap, the other independent components are very small by comparison in AlN, but are of comparable magnitude in GaN. The predictions of the bond charge method seem to hold only approximately in GaN and fail completely for AlN. This we can attribute, only in part, to the greater degree of tetrahedral bonding in GaN.
Our calculated values for the second-order susceptibilities are smaller than the available experimental data by approximately a factor of two. We note, however, that very little experimental data exists for a range of energies above and below the band gap, and for very low energies for which zero frequency results can be equated.
We have also detailed some of the symmetry properties that the second-order susceptibilities must satisfy. These constraints have been demonstrated to be adhered to numerically and are satisfied analytically within our susceptibility formalism.
